We describe the generation of a complete set of orthogonal 21st synthetase-amber, ochre and opal suppressor tRNA pairs including the first report of a 21st synthetase-ochre suppressor tRNA pair. We show that amber, ochre and opal suppressor tRNAs, derived from Escherichia coli glutamine tRNA, suppress UAG, UAA and UGA termination codons, respectively, in a reporter mRNA in mammalian cells. Activity of each suppressor tRNA is dependent upon the expression of E.coli glutaminyl-tRNA synthetase, indicating that none of the suppressor tRNAs are aminoacylated by any of the twenty aminoacyl-tRNA synthetases in the mammalian cytoplasm. Amber, ochre and opal suppressor tRNAs with a wide range of activities in suppression (increases of up to 36, 156 and 200-fold, respectively) have been generated by introducing further mutations into the suppressor tRNA genes. The most active suppressor tRNAs have been used in combination to concomitantly suppress two or three termination codons in an mRNA. We discuss the potential use of these 21st synthetase-suppressor tRNA pairs for the sitespecific incorporation of two or, possibly, even three different unnatural amino acids into proteins and for the regulated suppression of amber, ochre and opal termination codons in mammalian cells.
INTRODUCTION
Significant progress has been made recently in the synthesis of proteins in vivo carrying an unnatural amino acid at a specific site. The most common strategy involves the readthrough of an amber (UAG) stop codon by an amber suppressor tRNA aminoacylated with the desired unnatural amino acid (1) . In one approach, the suppressor tRNA is aminoacylated by a mutant aminoacyl-tRNA synthetase (aaRS), which aminoacylates the suppressor tRNA with the desired unnatural amino acid instead of a normal amino acid. This approach has several key requirements: (i) an orthogonal suppressor tRNA that is not aminoacylated by any of the endogenous aaRSs in the cell, (ii) an orthogonal aaRS that aminoacylates only the suppressor tRNA but no other tRNA in the cell, and (iii) a mutant of the orthogonal aaRS that aminoacylates the suppressor tRNA with the unnatural amino acid but not with a normal amino acid. Another requirement is transport of the desired unnatural amino acid from the medium into the cell. Because most cells contain twenty aaRSs, the orthogonal synthetasesuppressor tRNA pairs are often called 21st synthetase-tRNA pairs. Using this approach, Schultz, Yokoyama and their co-workers have described the site-specific insertion of several unnatural amino acids into proteins in vivo (2-4).
The above approach requires the isolation of aaRS mutants, one at a time, for each specific unnatural amino acid. Furthermore, the unnatural amino acid has to be closely related in size and structure to the natural amino acid. An alternative approach, that does not require a mutant aaRS, involves the import (by injection, transfection or electroporation) into cells of a suppressor tRNA already aminoacylated with the unnatural amino acid (5) (6) (7) (8) . This approach is quite flexible in that the same suppressor tRNA can be chemically aminoacylated with virtually any unnatural amino acid. The only requirement, also common to the approach mentioned above, is that the suppressor tRNA used should not be aminoacylated by any of the endogenous aaRSs. Previously, we described the import of purified suppressor tRNAs into mammalian cells by means of transfection and the identification of an amber suppressor tRNA (supF), derived from Escherichia coli tyrosine tRNA (tRNA 1 Tyr ), that fulfilled the above requirements for sitespecific insertion of unnatural amino acids (6) .
Essentially, all of the work on unnatural amino acid mutagenesis has involved the use of an amber suppressor tRNA along with an amber stop codon at the site of interest in the protein gene. The availability of other suppressor tRNA/stop codon pairs would greatly add to the versatility of unnatural amino acid mutagenesis and allow site-specific insertion of two or more different unnatural amino acids into proteins. Recently, we showed that an ochre (UAA) suppressor tRNA, derived from E.coli tRNA 1 Tyr , was also not aminoacylated by any of the mammalian cytoplasmic aaRSs and that import of aminoacylated ochre suppressor tRNA led to specific suppression of an ochre codon in a firefly luciferase *To whom correspondence should be addressed. Tel: +1 617 253 4702; Fax: +1 617 252 1556; Email: bhandary@mit.edu reporter gene (9) . We further showed that import of a mixture of aminoacylated ochre and amber suppressor tRNAs led to the concomitant suppression of an ochre and an amber codon in a mRNA, suggesting that this approach could be used for the synthesis of proteins carrying two different unnatural amino acids in mammalian cells. Along these lines, Schultz and co-workers have very recently described a frameshift suppressor tRNA for use in E.coli (10) and an opal suppressor tRNA for use in mammalian cells (11) .
With the objective of expanding the nature and number of unnatural amino acids that can be introduced into proteins, we have been interested in generating new orthogonal 21st synthetase-suppressor tRNA pairs that also include ochre and opal suppressor tRNAs. Furthermore, while highly active suppressor tRNAs are useful for increased yield in synthesis of proteins carrying unnatural amino acids, such suppressor tRNAs are often toxic to cells and are actively selected against (12, 13) . It is, therefore, important to also develop orthogonal suppressor tRNAs, that have a range of activities in suppression of the corresponding codons. Here, we report on a complete set of orthogonal 21st synthetase-amber, ochre and opal suppressor tRNA pairs derived from E.coli glutamine tRNA (tRNA Gln ; Figure 1 ), with each suppressor tRNA having a wide range of activity in suppression (36-fold for amber, 156-fold for ochre, and 200-fold for opal suppressor tRNA). Activity of each suppressor tRNA is dependent upon expression of E.coli glutaminyl-tRNA synthetase (GlnRS). We have used the suppressor tRNAs in combination to suppress two different stop codons (UAG and UAA; UAG and UGA) and even all three stop codons in the same mRNA. Therefore, following the isolation of a mutant of E.coli GlnRS, which aminoacylates the amber, ochre and opal suppressor tRNAs with a glutamine analog, these new 21st synthetase-tRNA pairs can be used along with the 21st synthetase-amber suppressor tRNA pair and/or the 21st synthetase-opal suppressor tRNA pair developed by others (3, 11) for the synthesis of proteins carrying two or, possibly, even three different unnatural amino acids in mammalian cells. Additionally, because each suppressor tRNA is specific for its cognate codon, the suppressor tRNAs described here can be aminoacylated in vitro with different unnatural amino acids and imported into mammalian cells by means of transfection.
MATERIALS AND METHODS

Plasmids
The dual-luciferase reporter system coding for the Renilla luciferase (Renilla reniformis; RLuc) and firefly luciferase (Photinus pyralis; FLuc) fusion protein has been described previously (9, 14) . The DNA sequences encoding Renilla and firefly luciferase were fused to express a single protein with two bioluminescent activities ( Figure 2 ). Plasmid pRF.wt was used to express a fusion protein that provides RLuc activity through its N-terminal domain and FLuc activity through its C-terminal domain. Site-specific mutagenesis (Quikchange; Stratagene) was performed to introduce amber, ochre and opal codons into the FLuc coding region to generate plasmids pRF.Y70am (9), pRF.Y70oc (9) [ Figure 1 ; (15)]. This tRNA was previously called hsup2A9am. Ochre (hsup2oc) and opal (hsup2op) suppressor tRNAs were generated by introducing C34 to U34 and C34U35 to U34C35 changes, respectively, in the anticodon of the tRNA. Plasmids pSVB.hsup2am, pSVB.hsup2oc and pSVB.hsup2op were altered to introduce additional U32 to C32, C38 to A38 or U32C38 to C32A38 mutations. Plasmids carrying amber, ochre and opal suppressor tRNAs derived from the human serine tRNA (pSVB.hseram, pSVB.hseroc, pSVB.hserop) have been described previously (16) .
Suppressor tRNA genes hsup2am, hsup2oc, hsup2. C32A38am and hsup2.C32A38oc were cloned into pBADaraC (Invitrogen) for inducible expression of suppressor tRNAs in E.coli. The tRNA genes were amplified by PCR (forward primer: 5 0 -GGGGCCATGGACCAATTTGTTGGG-GTATAGCCAAGCGGTAAGG-3 0 ; reverse primer: 5 0 -GGG-GTACGTATTGAATAAATTGGCTGGGGTACGAGG-3 0 ) using the respective pSVB plasmids as templates. The 110 bp PCR fragment was cut with NcoI and SnaBI and ligated into pBAD-araC cut with the same enzymes. The 1.7 kb DNA fragment encoding E.coli GlnRS was amplified by PCR (forward primer: 5 0 -CCCGAATTCGCCA-CCATGCATCACCATCACCATCACAGTGAGGCAGAAG-CCC-3 0 ; reverse primer: 5 0 CCCGCGGCCGCTTACTCGC-CTACTTTCGCCC-3 0 ) from pESC-LEU.GlnRS (17) and inserted into the EcoRI/NotI sites of pCMVTNT (Promega). The resulting plasmid pTNT.EcGlnRS allows expression of E.coli GlnRS in mammalian cells with a His6-tag at the N-terminus of the protein.
Transfection of mammalian cells
HEK293T cells were maintained in DMEM (with 4500 mg/l of glucose; Cellgro) supplemented with 10% fetal bovine serum (Atlanta Biologicals Inc.), 2 mM glutamine, 100 U/ml of penicillin and 100 mg/ml of streptomycin (Invitrogen) at 37 C in a 5% CO 2 atmosphere. Eighteen to twenty hours before transfection, cells were subcultured into 24-well plates.
Transfection of HEK293T cells with plasmid DNA using Effectene (Qiagen) was as described previously (6) with minor modifications. Briefly, cells at 60-70% confluence were co-transfected with 0.5 mg of pRF plasmid carrying the luciferase reporter gene, 0.5 mg of pSVB plasmid carrying the tRNA gene and 5-10 ng of pCMVTNT plasmid carrying the E.coli GlnRS gene. The mixture of plasmid DNAs was diluted in 25 ml of EC buffer, supplied by the manufacturer, and then mixed with 2.5 ml of Enhancer and 5 ml of Effectene. The complexes were diluted with 0.25 ml of prewarmed (37 C) DMEM and added to the cells. 0.275 ml of medium supplemented with 10% serum and 10 mM sodium butyrate (Sigma) was added 3 h after transfection. Cells were harvested 48 h post-transfection.
Assay for luciferase activity
The Dual-Luciferase Reporter System (DLR; Promega) was used to measure luciferase activities in mammalian cell extracts as described (9) . Measurement of luciferase activities was carried out on a Sirius tube luminometer (Berthold Detection Systems). For standard DLR assays, a 10-s pre-measurement delay and a 15-s measurement period were programmed. Luciferase activities are given as relative luminescence units (RLU) per mg of total cell protein. The protein concentration of cell lysates was determined with a BCA protein assay (Pierce) using BSA as standard. The values shown in the tables and figures represent the averages of at least three independent experiments; variations among experiments were <15%.
Western blot analysis
Cell lysates were prepared as described above and concentrated by acetone precipitation. Proteins were resolved by SDS-PAGE, transferred onto Immobilon PVDF membrane (Millipore) and probed with primary antibodies against FLuc (AB3256; polyclonal; Chemicon), RLuc (MAB4410; monoclonal; Chemicon) and actin (sc-9104; monoclonal; Santa Cruz Biotechnologies). The horseradish peroxidaseconjugated secondary antibodies were anti-goat IgG (Promega), anti-mouse IgG and anti-rabbit IgG (both Amersham). Signals were visualized using enhanced oxidase/luminol reagents (ECL; Perkin Elmer Life Sciences).
Analysis of in vivo state of tRNAs
Total RNAs were isolated from mammalian cells under acidic conditions using TRI-Reagent (Sigma) or TRIzol (Invitrogen). The tRNAs were separated by acid urea polyacrylamide gel electrophoresis (18) , electroblotted onto Hybond-N+ membrane (Amersham) and detected by RNA blot hybridization. Membranes were pre-hybridized at 42 C in 10· Denhardt's solution/6· SSC/0.5% SDS. Hybridization was performed at 30 C in 6· SSC/0.1% SDS in the presence of a 5 0 -32 P-labeled oligonucleotide, complementary to nucleotides 57-72 of the hsup2am tRNA. A 5 0 -32 P-labeled oligonucleotide complementary to nucleotides 7-22 of the human serine tRNA was also used as an internal standard. Membranes were washed at room temperature, once with 6· SSC/0.1% SDS followed by two washes with 6· SSC, and then subjected to autoradiography. Northern blots were quantified by PhosphorImager analysis using ImageQuant software (Molecular Dynamics).
Expression of mutant suppressor tRNAs in E.coli
Transformants of E.coli CA274 (HfrH lacZ125am trpEam) carrying pBAD.hsup2am, pBAD.hsup2oc, pBAD.hsup2/ C32A38am and pBAD.hsup2/C32A38oc, respectively, were grown in LB Amp medium at 37 C to mid-log phase (A 600 of 0.5-0.6). Arabinose was added to a final concentration of 0.002% to induce transcription from the P BAD promoter. Cells were then grown for 80 min at 37 C and two more hours at room temperature (20 C) , harvested by centrifugation, and analyzed for b-galactosidase activity using the Beta-Glo assay system (Promega). Relative b-galactosidase activities were normalized to the specific activities of b-lactamase in the same extract (19) and to cell density at the time of harvest.
RESULTS
A complete set of orthogonal amber, ochre and opal suppressor tRNAs derived from E.coli tRNA Gln (hsup2am, hsup2oc, hsup2op)
We described previously (15) the expression of an amber suppressor tRNA derived from E.coli tRNA Gln in mammalian cells ( Figure 1) . The E.coli suppressor tRNA gene, flanked by the original 5 0 and 3 0 sequences of the human initiator tRNA Met , was cloned into the mammalian expression vector pSVBpUC. An additional C9 to A9 mutation was introduced to improve transcription efficiency by mammalian RNA polymerase III. The resulting plasmid was transfected into mammalian cells, and the tRNA hsup2A9am (which we rename here as hsup2am for the sake of simplicity) was expressed along with or without E.coli GlnRS. The data indicated clearly that the suppressor tRNA was active in COS1 cells [(15) ; see also Figure 3 , lanes 1 and 2]. Furthermore, its activity as an amber suppressor was strictly dependent upon co-expression of E.coli GlnRS [(15); see also We now describe the generation of ochre and opal suppressor tRNAs derived from E.coli tRNA Gln by changing the anticodon of the hsup2am tRNA to UUA (ochre; hsup2oc) and UCA (opal; hsup2op), respectively. To test and compare the activities of hsup2am, hsup2oc and hsup2op tRNAs in suppression, plasmids carrying amber, ochre or opal stop codon mutations in codon 162 of the firefly luciferase (FLuc) gene ( Figure 2 ) were transfected into HEK293T cells along with plasmids carrying the genes for the suppressor tRNAs and E.coli GlnRS. Cells were harvested 48 h posttransfection and extracts were assayed for luciferase activity. Table 1 summarizes the results. No FLuc activity is detected over background in HEK293T cells that express the suppressor tRNAs but do not contain E.coli GlnRS (Table 1 ; lines 2, 5 and 8). Thus, along with the hsup2am, the hsup2oc and hsup2op tRNAs are also not recognized by any of the endogenous mammalian aaRSs. Suppression of the amber, ochre and opal codon in the FLuc gene was only observed in the presence of E.coli GlnRS (Table 1; RLU/mg and 0.044 · 10 6 RLU/mg, respectively. These data represent the first example of a complete isogenic set of orthogonal amber, ochre and opal suppressor tRNAs and provide the first report of a 21st synthetase-ochre suppressor tRNA pair suitable for expression in mammalian cells.
Interestingly, hsup2am tRNA yielded significantly higher levels of FLuc activity, 20-30 fold over the hsup2oc and hsup2op tRNAs, with the ochre suppressor having the lowest activity. These striking differences in suppression efficiencies can be explained, at least partly, by more efficient in vivo aminoacylation of the amber suppressor tRNA by E.coli GlnRS, as shown by acid urea PAGE followed by RNA blot hybridization of total tRNA isolated from HEK293T cells, using a probe directed against nucleotides 57-72 of the tRNA (Figure 3 ). PhosphorImager analysis indicates that hsup2am tRNA is aminoacylated almost quantitatively (87%), whereas hsup2oc and hsup2op tRNAs are aminoacylated to lower levels, 32 and 45%, respectively. These findings are not completely surprising since nucleotides in the anticodon of E.coli tRNA Gln , changed to generate these suppressor tRNAs, are critical recognition elements for E.coli GlnRS based on the crystal structure of the tRNA Gln -GlnRS complex (20) and on biochemical studies (21) . An additional faster migrating band was detected for hsup2oc and hsup2op tRNAs. These bands probably represent tRNA species with additional modifications in the anticodon-loop of the suppressor tRNA (e.g. U34) or conformational variants of the tRNA. The effect of base modifications on the mobility of tRNAs in acid urea PAGE has been described previously (22) .
Mutants of the orthogonal amber, ochre and opal suppressor tRNAs with enhanced suppressor activity in mammalian cells
The activity and aminoacylation specificity of tRNAs is affected by sequences in and around the anticodon loop and stem and by base modifications, especially those in the anticodon loop (23) (24) (25) (26) . For example, the modification of A37 located next to the anticodon is known to be important for the suppressor activity of tRNAs by strengthening the interaction between codon and anticodon (27, 28) . The enzyme responsible for modifying the A37 residue, the dimethylallyl diphosphate:tRNA dimethylallyl transferase (DMAPPtransferase) encoded by the miaA gene, has been identified in E.coli, yeast and mammalian cells and its substrate requirements have been characterized. The minimum recognition motif on the tRNA consists of a stretch of three A's, A36-A37-A38 [summarized in (29) ].
To improve the activity of hsup2 derived tRNAs, we introduced the following mutations in the anticodon loop of the hsup2am, hsup2oc and hsup2op tRNA genes ( Figure 1 ): mutation of U38 to A38 to generate a potential recognition motif for the DMAPP-transferase; mutation of U32 to C32; and a double mutation of U32 and U38 to C32 and A38, respectively. The C32A38 double mutation generates an anticodon loop sequence, which mimics the sequence found in most strong suppressor tRNAs from prokaryotic and eukaryotic sources (16, 23, 30) . The C32 mutation also removes a potential transcription termination signal (a string of 4 U residues U32-U35) for RNA polymerase III in the hsup2oc tRNA (31, 32) . Yarus and co-workers have previously generated an E.coli tRNA Gln mutant similar to the C32A38 mutant by transplanting part of the anticodon stem and the entire anticodon loop of E.coli tRNA Trp onto E.coli tRNA Gln (24) . The FLuc activities in extracts of cells transfected with the various mutants derived from hsup2am are shown in Table 2 . The hsup2/C32am tRNA yielded FLuc activities of 2.3 · 10 6 RLU/mg, representing a 3-fold increase of activity compared with the hsup2am tRNA. The A38 mutation resulted in a 15-fold increase of FLuc activity, whereas the combined C32 and A38 mutations resulted in a 36-fold increase of FLuc activity. Similarly, the FLuc activities for the hsup2oc mutants (Table 3 ) increased 3.9 and 6-fold for the C32 and A38 single mutants, respectively. The most striking effects were seen for the hsup2/C32A38oc and hsup2/C32A38op double mutants. The hsup2/C32A38oc mutant showed an activity of 3.76 · 10 6 RLU/mg corresponding to a 156-fold increase from the original hsup2oc tRNA. The FLuc activity in cells transfected with the mutant hsup2op tRNA also increased from 0.04 · 10 6 to 8.57 · 10 6 RLU/mg for the hsup2/C32A38op double mutant (Table 4 , lines 3 and 5) corresponding to a 200-fold increase. Altogether, these mutants provide an isogenic set of amber, ochre and opal suppressor tRNAs, each with a range of suppression activities in mammalian cells. All of the suppressor tRNA mutants, including those with highest suppression activities still require E.coli GlnRS for their activity (Tables 2, 3 and 4) and are, therefore, completely orthogonal in HEK293T cells. The 21st synthetase-amber, ochre and opal suppressor tRNA pairs composed of the strongest C32A38 double mutants, and E.coli GlnRS had translational efficiencies of 35, 4.5 and 10.4%, respectively, as estimated by normalizing FLuc activities in cells transfected with the mutant RLucFLuc genes to those in cells transfected with the wild-type RLucFLuc gene (Tables 2, 3 and 4) . These efficiencies compare favorably to those obtained with the homologous human serine amber, ochre and opal suppressor tRNAs (22.4, 6.1 and 27.8%, respectively), which are aminoacylated by the endogenous human seryl-tRNA synthetase ( Table 5) .
The results of immunoblot analyses using anti-FLuc antibodies (Figure 4 ) also confirm the orthogonality of the enhanced amber, ochre and opal suppressor tRNAs. Thus, an 87 kDa protein corresponding to the full-length RLucFLuc fusion protein is detected only in cells co-transfected with plasmids carrying the genes encoding the reporter protein, the suppressor tRNA and E.coli GlnRS. Furthermore, the intensities of the full-length RLucFLuc fusion protein band parallel the luciferase activities in enzyme assays, providing additional evidence for the translational efficiencies of the E.coli tRNA Gln derived suppressor tRNAs in the order amber > opal > ochre.
The increased FLuc activities in cells transfected with the various mutant suppressor tRNAs could be due to a combination of increased steady-state level of the tRNAs, increased extent of aminoacylation of the tRNAs and/or increased ribosomal activity of the tRNAs in suppression. To distinguish among these possibilities, the steady-state levels and extent of aminoacylation of all mutant tRNAs were analyzed by acid urea PAGE followed by RNA blot hybridization using probes directed against the mutant tRNAs and human tRNA 3 Ser as an internal control ( Figure 5 ). The extent of aminoacylation remained essentially the same for all hsup2am mutants (87-95%), the appearance of an additional faster migrating band suggests heterogeneity in base modifications or the occurrence of conformational variants in some of the mutants ( Figure 5A ). Both the A38 mutation and the C32 mutation had similar effects. The extent of aminoacylation increased from 32% for hsup2oc and hsup2/A38oc tRNAs to 50% for hsup2/C32oc and hsup2/C32A38oc tRNAs ( Figure 5B ), whereas the extent of aminoacylation of the opal suppressor tRNA remained essentially unaltered at 50% ( Figure 5C ). In general, the relative intensity of the faster migrating band seemed to increase for all the C32A38 double mutants.
Comparison of the total signals obtained for the suppressor tRNAs to that obtained for the human tRNA 3 Ser showed a maximal variation in steady-state levels of 2-2.3-fold for some of the mutant tRNAs, indicating a higher expression level or greater stability of these tRNAs. Taken together, these results suggest that the increased FLuc activities of 36, 156 and 200-fold seen in cells transfected with the C32A38 mutants of the hsup2am, hsup2oc and hsup2op tRNAs, respectively, are primarily due to increased activity of these tRNAs in suppression at the ribosomal level. Specificity of hsup2/C32A38am, hsup2/C32A38oc and hsup2/C32A38op tRNAs for their cognate codons
The specificity of hsup2/C32A38am, hsup2/C32A38oc and hsup2/C32A38op tRNAs towards their cognate codons was investigated using the pRF.Q162am, Q162oc and Q162op reporter genes (Table 6 ). Despite their greatly enhanced activities towards their cognate codons, each suppressor tRNA translated only the corresponding cognate codon and had no significant activity towards a non-cognate stop codon. These results were confirmed with different luciferase stop codon mutations (at positions Y70, S163 and Y165) in different codon contexts (data not shown). The specificity of ochre suppressor tRNA mutants for the ochre codon in mammalian cells is in striking contrast to results obtained in E.coli. For example, expression of the same hsup2oc and hsup2/ C32A38oc tRNAs in E.coli CA274 leads to significant suppression of an amber mutation in the chromosomal b-galactosidase gene ( Figure 6 ) by the ochre suppressor tRNAs.
Concomitant suppression of two different termination codons (amber and ochre; amber and opal) in RLucFLuc mRNAs
The hsup2/C32A38am and hsup2/C32A38oc tRNAs were used for concomitant suppression of amber and ochre codons using the RLucFLuc.Y70ocY165am reporter gene that had been used in earlier experiments (9) . Table 7 summarizes the data. Coexpression of the hsup2/C32A38am and the hsup2/C32A38oc tRNAs and E.coli GlnRS in HEK293T cells resulted in a significant level of FLuc activity of 2.6 · 10 6 RLU/mg ( Table 7 ; line 3). This level of FLuc activity is similar to that found in cells co-expressing the amber and ochre suppressors derived from human serine tRNA (Table 7 ; line 6). As expected, no FLuc activity was detected in cells not expressing E. coli GlnRS (line 2) or only one of the suppressor tRNAs (lines 4 and 5). Similarly, the hsup2/C32A38am and hsup2/C32A38op tRNAs were used for concomitant suppression of amber and opal codons using the RLucFLuc.Y70opY165am reporter gene. In this case also, co-expression of the two tRNAs resulted in a significant level of FLuc activity of 1.7 · 10 6 RLU/mg (Table 7, line 9). Little activity was detected in cells not expressing E.coli GlnRS (line 8) or only one of the suppressor tRNAs (lines 10 and 11). These results clearly show that the newly generated amber, ochre and opal suppressor tRNAs derived from E.coli tRNA Gln , hsup2/C32A38am, hsup2/C32A38oc, and hsup2/C32A38op, fulfill the requirements of high activity and specificity for their cognate codons necessary for site-specific incorporation of one or two unnatural amino acids into proteins in a mammalian system.
Concomitant suppression of three different termination codons in RLucFLuc mRNA
The availability of a complete set of orthogonal amber, ochre and opal suppressor tRNAs enabled us to question whether it HEK293T cells were co-transfected with 0.5 mg of pRF plasmid carrying the luciferase reporter gene, 0.5 mg of pSVB plasmid carrying the tRNA gene (each) and 10 ng of pCMVTNT plasmid carrying the E.coli GlnRS gene. Three hours post-transfection, cells were fed with fresh medium containing 10% serum, 10 mM sodium butyrate (see Materials and Methods) and 2 mM glutamine. would be possible to concomitantly suppress three different termination codons in a mRNA. Accordingly, the E.coli tRNA Gln derived amber, ochre and opal suppressors were transfected into HEK293T cells along with the RLucFLuc. Y70ocY165amQ283op reporter gene. In a parallel experiment, human serine amber, ochre and opal suppressor tRNAs were also used. Table 8 summarizes the data on FLuc activities in extracts of transfected cells. It can be seen that the E.coli tRNA Gln derived amber, ochre and opal suppressors can suppress all three termination codons in the reporter mRNA (Table 8 , line 3). Suppression is dependent upon expression of E.coli GlnRS (Table 8 , compare lines 2 and 3) and upon the presence of all three suppressor tRNAs (data not shown). As expected, FLuc activity is lower when suppressor tRNAs are used to suppress three different termination codons instead of two (compare FLuc activity in Table 8, line 3 to Table 7 , line 3).
FLuc activity in extracts of cells transfected with all three E.coli tRNA Gln derived suppressors is about 25% of that obtained with the human tRNA Ser derived suppressors (Table 8 , compare lines 3 and 4). One possible reason for this is that the E.coli GlnRS activity in transfected cells becomes limiting, particularly since these suppressor tRNAs are known to be poor substrates for E.coli GlnRS [(21); see also Figure 5 ] and now three glutamine-accepting suppressor tRNAs are overexpressed to significant levels while E.coli GlnRS remains constant throughout the experiment. In contrast, the anticodon sequences in the human tRNA Ser derived suppressors are not important for their aminoacylation by human seryl-tRNA synthetase (33, 34) . Thus, it might be possible to increase the efficiency of suppression of ochre and opal codons by increasing the levels of expression of E.coli GlnRS in transfected cells. Another possibility would be to use mutant forms of E.coli GlnRS that have increased activity towards suppressor tRNAs similar to an approach taken by Yokoyama and co-workers for Methanococcus jannaschii TyrRS (35) .
DISCUSSION
We have shown that amber, ochre and opal suppressor tRNAs derived from E.coli tRNA Gln suppress amber, ochre and opal codons, respectively, in mammalian cells. The suppressor tRNAs, expressed in mammalian cells, are specific for their cognate codons and their activity in suppression is totally dependent upon expression of E.coli GlnRS. Thus, all three suppressor tRNAs are completely orthogonal in mammalian cells. Previously, we described orthogonal 21st aaRS-amber suppressor tRNA pair for use in mammalian cells based on E.coli GlnRS and amber suppressor tRNAs derived from E.coli tRNA Gln (15) and the human initiator tRNA Met (36). Other laboratories have described a different orthogonal 21st aaRS-amber suppressor tRNA pair (3) and, recently, an orthogonal 21st aaRS-opal suppressor tRNA pair (11) for use in mammalian cells. The current work provides the first example of a complete set of orthogonal 21st aaRS-amber, ochre and opal suppressor tRNA pairs including the first example of a 21st aaRS-ochre suppressor tRNA pair. To the best of our knowledge, this work also demonstrates, for the first time, suppression of three different termination codons in a mRNA.
Our finding that the E.coli tRNA Gln derived amber, ochre and opal suppressors can be used to concomitantly suppress two or even three termination codons in a mRNA opens up the possibility of site-specific incorporation of two or even three different unnatural amino acids into one or more proteins in mammalian cells. For example, the E.coli GlnRS and the tRNA Gln derived ochre suppressor tRNA system could be combined with either the E.coli TyrRS-Bacillus stearothermophilus (B.st.) tRNA Tyr derived amber suppressor (3) and/or the Bacillus subtilis (B.s.) TrpRS-B.s. tRNA Trp derived opal suppressor system (11) . Yokoyama and co-workers have described mutants of E.coli TyrRS that aminoacylate the B.st. tRNA Tyr derived amber suppressor with iodotyrosine (3,37) and Schultz and co-workers have, recently, described a mutant of B.s. TrpRS that aminoacylates the B.s. tRNA Trp derived opal suppressor with 5 0 -hydroxytryptophan (11) . Attempts at isolating mutants of E.coli GlnRS that aminoacylate the E.coli tRNA Gln derived suppressor tRNAs with analogs of glutamine are underway in our laboratory. The overall suppression efficiencies for concomitant suppression of two or three different termination codons by amber, ochre and opal suppressor tRNAs appear to be within the expected range of multiplying the efficiencies of the individual suppression events. The efficiencies of suppressor tRNAs derived from the E.coli tRNA Gln are somewhat lower than efficiencies of suppressor tRNAs derived from the human tRNA Ser , probably reflecting the depletion of E.coli GlnRS in the presence of two or three glutamine-accepting tRNAs.
An alternative approach in using mutant 21st aaRSs to aminoacylate the corresponding suppressor tRNAs with unnatural amino acids in vivo involves the import into mammalian cells of suppressor tRNAs that are aminoacylated in vitro with an unnatural amino acid. Because each suppressor tRNA molecule works only once to insert the unnatural amino acid into a protein, this approach is more useful for producing smaller amounts of a protein, whose properties and function can be analyzed directly in vivo. The isolation of a complete set of orthogonal suppressor tRNAs and the finding that these suppressor tRNAs are specific for their cognate codons, open up the possibility of aminoacylation of each of the suppressor tRNAs with a different unnatural amino acid and their import into mammalian cells for the site-specific incorporation of two or three unnatural amino acids into proteins. The incorporation of two different unnatural amino acids into a protein using two different suppressor tRNAs involves an mRNA carrying two different termination codons within its open reading frame. This approach poses no particular problems in terms of the suppressor tRNAs also reading through the normal termination signal at the end of the reading frame. For example, the firefly luciferase gene used in this work contains, at the end of the reading frame, an ochre codon followed by UUC and then an amber codon. Therefore, a combination of opal and amber suppressor tRNAs can be used to incorporate two different unnatural amino acids into the protein without the suppressor tRNAs also reading through the normal termination codons, the ochre codon acting as a barrier in this case. However, the use of a mRNA carrying three different termination codons in the open reading frame requires strategies for preventing the readthrough of normal termination codon(s) at the end of the reading frame by the three suppressor tRNAs. Our finding that suppression of the ochre codon is the weakest (Tables 2, 3 and 4) of the three termination codons, suggests that the use of a gene carrying tandem ochre termination codons at the end of the reading frame would minimize any significant readthrough of the termination codons beyond the end of the mRNA. Parenthetically, we note that under the conditions used, there is no significant readthrough of cellular protein genes as indicated by the lack of any deleterious effects on cell viability.
The orthogonality of the E.coli tRNA Gln derived amber suppressor was described previously (15) . However, the orthogonality of the tRNA Gln derived ochre and opal suppressors was not necessarily expected. In particular, the opal suppressor tRNA, which has C35 in the middle of the anticodon sequence (Figure 1) , could have been a substrate for one of the mammalian aaRSs, including TrpRS, which uses C35 as an important identity determinant. For example, in E.coli, Söll, Inokuchi and co-workers (38) have shown that the E.coli tRNA Gln derived opal suppressor is a substrate for E.coli TrpRS and that this opal suppressor tRNA inserts predominantly tryptophan into proteins. Our finding that the E.coli tRNA Gln derived opal suppressor tRNA is not a substrate for mammalian TrpRS (Table 4) or any other mammalian aaRS ( Figure 5C ), indicates that the requirements in the substrate tRNA for mammalian TrpRS are quite different from those of E.coli TrpRS. This conclusion is basically in agreement with reports that B.s. tRNA
Trp is a poor substrate in vitro for yeast and mammalian TrpRS (39) (40) (41) In bacteria, ochre suppressor tRNAs also suppress amber codons (42) (43) (44) , whereas in eukaryotes, to the extent that they have been studied, ochre suppressor tRNAs are specific for the ochre codon (6, 9, 45) . This is commonly ascribed to Wobble pairing (46) between the modified U, the first nucleotide in the anticodon of the ochre suppressor tRNA and G, the third nucleotide of the amber codon UAG. Nevertheless, the finding in this work, that the most active E.coli tRNA Gln derived ochre suppressor, when expressed in mammalian cells, is still specific for the ochre codon (Table 6 ) is noteworthy, since the same tRNA, when expressed in E.coli, suppresses the amber codon quite well in E.coli ( Figure 6 ). Whether the specificity of the ochre suppressor tRNA, expressed in mammalian cells, is due to a different base modification of the U at the Wobble position 34, or whether the eukaryotic ribosome is inherently more restrictive in translation of the amber codon by an ochre suppressor tRNA, remains to be seen.
In attempts to isolate suppressor tRNAs with a range of activity in suppression, we introduced mutations in the anticodon loop of the suppressor tRNAs, in addition to those mutations in the anticodon sequence necessary to obtain the various suppressors. These mutations in the anticodon loop increased the activity of the suppressor tRNAs significantly. The most active suppressor tRNAs contained the C32 and A38 mutations, thus, showing a anticodon loop sequence found in most eukaryotic elongator tRNAs (47) . Yarus, Soll and co-workers have described similar, but not identical, mutants by genetic selection in E.coli (48) and by swapping the restriction fragments comprising the anticodon loop and the proximal anticodon stem base pair between amber suppressor tRNA genes derived from E.coli tRNA Trp and tRNA Gln (24, 49) . Yarus and co-workers also found that the tRNA Gln mutant carrying the C32A38 changes in the anticodon loop was the most active in suppression among the tRNA Gln derived amber suppressors in E.coli (24) .
The primary reason for the increased activity of the E.coli tRNA Gln derived amber, ochre and opal suppressors also carrying the C32A38 mutations, in mammalian cells is most likely due to increased activity at the ribosomal level. For example, in the case of the amber suppressor tRNA, where there is a 36-fold increase in the activity of the most active mutant, the tRNAs are all aminoacylated to approximately the same levels (87-95%) and there is at the most a 2-2.5 fold difference in steady-state levels of the suppressor tRNAs ( Figure 5A ). Similarly, for the mutants derived from the ochre and opal suppressor tRNAs, while there is an 1.5-fold difference in the extent of aminoacylation of one of the tRNAs ( Figure 5B and C) and a 2-2.5 fold difference in the steadystate levels of some of the tRNAs, these differences cannot account for the 156 and 200-fold increase in activity, respectively, of the ochre and opal suppressor tRNAs carrying the C32A38 mutations.
Finally, our finding that the E.coli tRNA Gln derived amber, ochre and opal suppressor tRNAs are dependent upon expression of E.coli GlnRS, can be used to regulate the suppression of the amber, ochre and opal codons in mammalian cells by regulating the expression of E.coli GlnRS. Cell lines carrying such inducible suppressor tRNA function would be useful for a variety of purposes, for example, the propagation of animal viruses carrying nonsense mutations in their genes. Suppressor tRNAs have been used for diphtheria toxin-mediated ablation of photoreceptor cells in Drosophila (50) and toxin-mediated ablation dependent upon suppressor tRNA function has also been suggested as a possibility for cancer therapy (51) . Moreover, the finding that nonsense mutations in genes cause a variety of human genetic diseases (such as muscular dystrophy, Xeroderma pigmentosum, etc.), has led to suggestions of suppressor tRNAs as a tool in gene therapy (52, 53) . Unfortunately, constitutive expression of suppressor tRNAs is usually detrimental to mammalian cells and to Drosophila (12, 13) . There is, therefore, an important need for regulated expression of suppressor tRNA function in these cells. Previously, we described tetracycline-regulated suppression of amber codons in mammalian cells by regulating the expression of E.coli GlnRS (54) . This system can now be extended to obtain tetracycline-regulated suppression of ochre and opal codons in mammalian cells.
